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We employ molecular-dynamics (MD) simulations to study grain boundary (GB) premelting in
ices confined in two-dimensional hydrophobic nano-channels. Premelting transitions are observed
in symmetric tilt GBs in monolayer ices and involve the formation of a premelting band of liquid
phase water with a width that grows logarithmically as the melting temperature is approached from
below, consistent with the existing theory of GB premelting. The premelted GB is found rough
for a broad range of temperature below the melting temperature, the two ice-premelt interfaces
bounding the melted GB are engaged with long wave-length parallel coupled fluctuations. Based on
current MD simulation study, one may expect GB premelting transitions exist over a wide range of
low dimensional phases of confined ice and shows important consequences for crystal growth of low
dimensional ices.
The term premelting refers to the formation of a ther-
modynamically stable liquid film at solid interfaces at
temperatures below but close to the bulk melting temper-
ature Tm.
1 The premelting transitions occur in all types
of solids, they stand out in the case of ice, because of
their association with terrestrial life and the importance
of their environmental effects.2 Studies of premelting at
ice surfaces have been carried out with a wide variety of
modern experimental and molecular-level modeling tech-
niques (see in Ref.[2 and 3] and references therein), these
studies have demonstrated the rich nature and complex-
ity of the ice surface premelting behaviors, which cov-
ers a span from quasi-liquid bilayer-by-bilayer melting
process4,5 to complete,6 incomplete premelting7 and a
first-order phase transition between two distinct premelt-
ing states,8 depending on temperature, surface crystallo-
graphic orientation and even atmospheric environment.
In comparison to surface premelting, the complexity
mentioned above is only the beginning to be explored for
grain boundary (GB) premelting of ices, as more bicrys-
tallography parameters (symmetry, misorientation, and
boundary plane) are introduced. It is well known that
GB premelting of ice may play a vital role in a variety
of processes of geophysical, geological and atmospheric
interest.2 However, the challenges inherent in character-
izing the structure of “buried” internal GBs have signif-
icantly limited the number of direct experimental stud-
ies,9 and have resulted in a situation that GB premelting
is one of most important yet the least studied aspects
of ice. During the last decade, GB premelting of pure
metals and binary alloys, have been the subject of con-
tinuum modeling studies10–15 and atomistic simulations
studies,16–22 which led to insights into the nature of the
thermodynamic driving forces of the GB premelting as
a function of GB bicrystallography. In the meantime,
advances in the modeling and simulation of ice GB pre-
melting remain scarce.23,24
The present study is also motivated by a recent high-
resolution electron microscopy study by Algara-Siller et
al.25 In their study, the two dimensional (2D) GBs be-
tween the crystallites of monolayer ice which adopts un-
expected simple square lattice, inside the hydrophobic
bi-graphene nano-capillaries, were directly observed. Al-
though no sign of GB melting was found within specific
setup in the experiments, their observations still provide
a compelling brand-new perspective for the exploration
of GB premelting of ices.
In this paper, we report molecular-dynamics (MD)
simulations on a simple symmetric tilt GB of monolayer
ices confined in 2D hydrophobic nano-channels that pre-
dict the existence of premelting transition at such low
dimensional ice GB. In this process, a premelting liquid
layer (or “band” due to its 2D nature) forms at the GB
between two confined monolayer ice crystallites below Tm
of their 2D “bulk” phase. To the best of our knowledge,
GB premelting has not been previously reported within
the 2D or semi-2D confined ices, either by experimentally
or by simulation. As we will demonstrate, the width of
the premelting band depends logarithmically on the un-
dercooling, indicating the process of this specific 2D GB
premelting system is repulsive. Besides, the parallel cap-
illary waves of the two coupled crystal-remelt interface
bounding the melted GB are explored, and we identify
the rough nature of current low dimensional premelted
GB, inconsistent with bulk ice surface premelting which
needs to reach the high homologous temperature to un-
dergo roughening transition. As a consequence, it is ex-
pected that this lower dimensional GB premelting phe-
nomena could potentially serve as a testing ground to
gain molecular-level insights for understanding the com-
plicated GB premelting of 3D bulk ices.
GB premelting occurs near Tm when the interfacial
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2free energy of a dry GB, γGB , is larger than twice the
solid-liquid (solid-premelt) interfacial free energy (2γSL),
∆γ = γGB − 2γSL > 0. When the undercooling (∆T =
Tm−T ) is not too great, the increase in bulk free energy
is greater than compensated by the decrease in the to-
tal interfacial free energy, a thin metastable quasi-liquid
layer is thus thermodynamically favorable. The varia-
tion of the width of the quasi-liquid layer w depends on
∆γ and undercooling ∆T , and the short range structural
force (referred as “disjoining potential”) between the two
solid-premelt interfaces bounding the premelted layer. In
1980, Kikuchi and Cahn26 predicted a logarithmic depen-
dence of the variation of w, as a function of ∆T for GB
premelting,
w(∆T ) = −w0 ln [∆T/T0], (1)
T0, w0 are constants specific to the given GB. In the
derivation of Eq. 1, an assumption that the disjoin-
ing potential is exponential and repulsive was employed,
g(w) = ∆γe−w/w0 , where w0 is the decay length of the
disjoining potential g(w). T0 = ∆γTm/w0ρL, ρ is the
particle number density of the premelted liquid, L is the
latent heat.
To model confined monolayer ice, we follow part of the
simulation setup by Algara-Siller et al. in which a hy-
drophobic nano-channel consist of two walls under a fixed
separation of 6.5A˚was employed to accommodate mono-
layer ice.25 In their study, simulation results for mono-
layer ice showed little dependence on water models, i.e.,
SPC/E and TIP4P/2005, so we choose to employ only
SPC/E in our simulations. Besides, to mimic the squeez-
ing effect on the encapsulated water molecules due to the
adhesion (van der Waals) force between the encapsulat-
ing walls, we apply a lateral pressure of 0.5GPa as Algara-
Siller et al. did to the confined ice. The water-wall inter-
action is modeled using a simple pairwise potential,32 in
which the parameters were chosen as in Ref. 33. Un-
der these confinement parameters, we have previously
reported (from MD) the phase transition between the
monolayer ice and corresponding liquid phase is first-
order, and a precise melting point (Tm=402.5K) deter-
mined from a delicate crystal-melt phase coexistence sim-
ulation.33 Note that Tm for bulk ice modeled with SPC/E
was reported as 215K,29,34 nearly 200K smaller than that
of the monolayer square ice in the current study, such big
difference in Tm between the 2D and 3D ice is not sur-
prising. It has been known that the phase behavior (such
as melting point) of the square-like confined ice is highly
depending on confinement width as well as the lateral
pressure.25,35,36
The molecular dynamics simulations are performed us-
ing open source software LAMMPS released by the San-
dia National Lab.38 The long-range interactions are com-
puted using the particle-particle-particle-mesh (PPPM)
algorithm. Periodic boundary conditions are applied in x
and y, while in z empty volume between simulation boxes
are inserted to remove the inter-box interactions.37 By
tilting two periodic square ice lattice and merging them,
an initial configuration containing a pair of symmetric
tilt GBs with misorientation angle θ = 30o is created
to perfectly fit the xy periodic cell, as illustrated in the
schematic diagram in Fig. 1. We use xy cell dimen-
sion (Lx × Ly) of approximately 750A˚×46A˚, containing
around 13,000 water molecules.
x 
y z 
0.65Å 
FIG. 1. Schematic diagram of the simulation cell. A pair of
symmetric tilt GBs of the monolayer ices are confined inside
a hydrophobic nano-channel consist of two walls under a fixed
separation of 6.5A˚.
Equilibrated GB interfaces are set up at varying tem-
peratures T ranging from 360 to 400 K, separated by 10
K. To produce the equilibrated GBs structure, the con-
stant area and lateral pressure MD (NPxAT ) simulations
up to 10 ns are employed to yield equilibrium number
density and pressure (0.5GPa). These setup are followed
by 5ns NV T simulations to collect data. Time step of 1.0
fs is used. Eight replica systems (each containing two in-
dependent GBs) are used at each T to improve statistics.
Several profiles that show the variation of temperature
and pressure (including three tensor components) along
x-axis, were examined for all simulations to confirm the
absence of temperature gradients and residual stress in
“bulk” square ice.
The equilibrium GBs are characterized through the de-
termination of density map which shows the change in
areal density as functions of the x and y direction. We
also calculate the order-parameter (OP) profiles, which
uses a local structure OP that distinguishes 2D ice from
water phase,39 to determine the extent of the premelting
region, for each single MD trajectory. Then the instanta-
neous GB width, wt is defined as the half value distance
at the profile, see in Fig. 2 (b), and the equilibrium pre-
melting width w is calculated by averaging all wt over
time. By choosing a threshold OP value of 0.32 to dis-
tinguish liquid like from solid like molecules (in the range
of temperatures studied) and by defining coarse-grained
3grids the xy plane (with grid size ∼3A˚×3A˚), the posi-
tions of the two interfaces between solids and the pre-
melt film could be located. The positions of the two in-
terfaces, hsp(y) for the solid-premelt interface and hps(y)
for the premelt-solid interface, are determined as the av-
erage of the x, y coordination of all the outermost solid-
like molecules contained within each corresponding bin.
Knowledge of the time evolution of the hsp(y) and hps(y)
can be used to calculate the spectrum of coupling fluctu-
ations directly as well as to provide an assessment of the
validity of the coupled capillary wave theory theory40 in
the 2D or semi-2D confined ice/premelt system.
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FIG. 2. Snapshot of a single symmetric tilt GB of confined
monolayer ice, misorientation angle θ = 30o. (a) T =360K,
GB becomes increasingly disordered while the ordered bridges
can still be recognized. (b) T =400K, 2.5K below Tm, GB
premelts. Oxygen atoms are colored coded on the structural
OP as ice (red) and premelted liquid (blue). The correspond-
ing order parameter profile used to calculate the instanta-
neous GB width wt is also plotted on top of the snapshot. (c)
and (d), color-contour plots of the time-averaged areal den-
sity map for the premelting GBs of the confined monolayer
ices under 360K and 400K, respectively. Red color stands for
density peaks while blue for zero value of areal density. A
double arrow in (d) represents the magnitude of the equilib-
rium premelting width w = 10.7A˚.
Fig. 2 (a) shows a NV T snapshot of an equilibrated
monolayer ice GB at T =360K. The oxygen atoms have
been color-coded based on their OP values, blue repre-
senting a liquid-like environment and red the monolayer
ice crystal. Panel (a)-(c) in Fig. 3 show a series of snap-
shots (separated by 10 ps) of the same GB in Fig. 2 (a).
At this temperature, the structural disorder in the grain
boundary is nonuniform and dynamic. Certain parts
of the grain boundary become tiny pockets with liquid-
like water molecules rotate and swap positions, while or-
dered solid bridges forms in the remaining portions of the
boundary, see in Fig. 3(b). However, we find these order-
disordered structures are highly dynamic, solid bridges
form and disappear rapidly on the time scale of the sim-
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FIG. 3. (a), (b) and (c) show successive trajectories of pre-
melted GB with a 10ps time interval at T =360K. Oxygen
atoms are colored coded on the structural OP as ice (red)
and premelted liquid (blue). The calculated two solid-premelt
interfacial position profiles along y axis are plotted as black
solid lines.
ulations. Such behavior is rather consistent with premelt-
ing behavior at 3D symmetric tilt GB in metal Ni under
large undercooling.19 The two solid-premelt interfacial
positions hsp(y) and hps(y), determined from discretized
bins, are represented by two thick solid lines, which could
well depict the liquid pocket and the solid bridge just
mentioned. The rugged shape of the solid-premelt in-
terfacial position indicates its rough nature in molecular
level, noticeable instantaneous kinks yet no evident over-
hangs are found along the interfaces. By tracing the time
evolution, we find the two interfaces fluctuate coopera-
tively and are highly correlated, and sometimes the whole
GB (including the two parallel coupled solid-premelt in-
terfaces) could become curved (as shown in Fig. 3(a)),
despite of the fact that current 2D simulation system only
has a dimension of Ly = 46A˚. Overall, the width of the
liquid-like premelt is very small at 360K. Usually, only
one or two liquid-like water molecule exist between the
two interfaces, see in Fig. 3(c).
At intermediate temperatures, T = 370K ∼ 390K, the
premelted grain boundary turns into a 2D band, in which
the water molecules possess highly disordered structures
and actively swap positions with neighbors. As the tem-
4perature rises, e.g., from Fig. 4(a) to (c), the liquid-
like disorder increase gradually and propagate outward,
the width of the liquid band is around two diameters of
the water molecules at 370K, and reaching to a value
of more than three diameters at 390K. The vacancy de-
fect sometimes forms at the solid-liquid interfaces and
diffuses into the crystals as the temperature is approach-
ing Tm. Instantaneous kinks at square ice surfaces be-
come less but could still be found, the increase in the
width of the liquid-like band weakens the coupling of the
two interfaces. However, the two interface fluctuations
are still positively correlated. By examining the succes-
sive time evolution of the premelting GB, we find a dis-
tinct mode of mass transport. Small clusters of water
molecules collectively lose their crystalline order and col-
lectively transform to the crystalline phase, either back
to their original grain or attach to the opposite grain.
Such frequent inter-detachment-attachment processes are
associated with inter-diffusion and inter-mixing between
point vacancy defects and water molecules at the two
interfaces.
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FIG. 4. Snapshot of premelted symmetric tilt GBs of confined
monolayer ice, misorientation angle θ = 30o, at intermediate
temperatures, T =370K (a), T =380K (b) and T =390K (c).
Two calculated solid-premelt interfaces bounding premelting
region are plotted as black solid lines.
At temperature approaching the Tm, i.e. T =400K.
The disorder and rapid diffusion are further increased,
and the premelted band between the two grains of mono-
layer square ice grows even thicker. The premelted re-
gions are highly dynamic in both instantaneous solid-
liquid interfacial positions and the position of the center
of mass of the liquid-like band. The panel of Fig.2 (b)
demonstrates the presence of premelted liquid phase be-
tween two solid-premelt interfaces. Also plotted is the
corresponding structural order parameter profile, with an
instantaneous premelting width wt reaching nearly 30A˚.
Because of the large separation between the two inter-
faces, the parallel correlation between the two interfaces
decreases significantly, and the curvature of the whole
GB at this temperature is hardly visualized due to the
short system dimension employed in the current study.
Contour plots of the time average oxygen density map
are shown in Fig. 2(c) and (d) for the GBs at 400K
and 360K, respectively. The peaks of the density are
seen as red in the plot, which are stronger and more
highly localized in both ice grains. For a relative dry
boundary at 360K, density exhibits oscillatory behavior.
Whereas densities of the premelted boundary at 400K is
nearly free of density peaks which appears as white color
in the contour plot, the individual dislocations cannot be
distinguished. The premelting is found to proceed by the
uniform homogeneous band along the boundary rather
than dislocation-pairing transition which was previously
found in symmetric tilt GBs for BCC Fe.21
To further verify the liquid nature of the premelting re-
gion, we examine both the local structure and the trans-
port of the water molecules within the premelting band.
The local structure in premelt is examined by analyz-
ing the two-dimensional (in-plane) oxygen-oxygen radial
distribution function (RDF), g2d(r), only for the water
molecules within a dynamic bin, ±1A˚ away from the in-
stantaneous middle of the premelting band, which is de-
fined as half of (hsp+hps). For comparison, we have also
carried out a two-dimensional RDF analysis for the 2D
bulk liquid monolayer water under the same temperature.
Fig. 5 (a) and (b) show the calculated two-dimensional
O-O RDF for the premelts at 390K and 400K, respec-
tively. For 390K, only the first g2d(r) peaks show a mi-
nor difference in amplitude compared with the respective
2D bulk liquid phase. Since the average premelting width
for 390K no more than 6A˚, significant solid-like structure
start to show up when r > 4A˚. Fig. 5 (b) plots g2d(r) re-
sults at 400K, peaks g2d(r) are commensurate with those
of their respective bulk liquid phases better than 390K.
Results of two different premelting replica MD runs are
shown, for the one replica with thicker w (∼ 16A˚), g2d(r)
is entirely consistent with the structure of bulk 2D liquid
phase, as illustrated with the thicker dashed line in Fig.
5(b). The transport is characterized through the calcu-
lation of two-dimensional (in-plane) mean-squared dis-
placement (MSD) of the same amount of water molecules
5in the middle of the premelting band versus time.28 The
MSD used in this analysis are calculated out to 20 ps,
which is sufficient time for the dynamics to become dif-
fusive, but smaller than the average time required for a
molecule to diffuse halfway across the premelting band,
we also abandon those particles freeze within each 20 ps
based on the structural order parameter. The dashed
line in Fig. 5(c) and (d) represents the MSD results for
those selected water molecules at premelted GBs under
T=390K and 400K. For 400K, the magnitude of slope
of the diffusive regime of the MSD gives a in-plane dif-
fusion constant Dxy=2.45(11)× 10−5cm2s−1 is identical
to the monolayer bulk liquid value of 2.48(14) × 10−5
cm2s−1, where values in parentheses represent 95% con-
fidence level error estimates in the last digits. For 390K,
small difference in the slope of the diffusive regime in
MSD comparing premelt and bulk phase, could due to
the correlation between the liquid-like molecules in the
premelt band and the nearby crystal surfaces. Overall,
results in Fig. 5 suggest that the premelting band at 2D
monolayer ice GB inherits more structural and transport
property of monolayer bulk liquid, and shows less influ-
ence of either confinement or the nearby presence of crys-
talline environment, at higher T . The transport result is
in contrast to premelting at GBs in 3D ice Ih, in which
transport of the water molecules within the premelting
layer was predicted to behave sub-diffusively even at a
temperature just below the Tm.
24
To examine the validity of Eq. 1 for the 2D GB pre-
melting transition in monolayer ice in the nano-channels,
we plot the calculated time-averaged width of the pre-
melting band, w, as a function of the undercooling,
∆T = Tm − T on a linear-log plot in Fig. 6. Eq. 1 well
describes the data for undercooling up to 42.5K - no de-
viations are seen when w approaches atomic dimensions
at low temperatures. The divergence of the w as the Tm
is approached is indicative of a complete GB premelt-
ing transition with repulsive disjoining potential. This
repulsive nature could arises from short-ranged struc-
tural forces associated with the overlap of the density
waves in the diffuse regions of the two bounding solid-
liquid (solid-premelt) interfaces. Using a weighted least-
squares linear regression over the temperature range from
360K to 400K, we obtain estimates for w0 = 2.17(9)A˚,
T0 = 166(12)K, where values in parentheses represent
95% confidence level error estimates in the last digits.
We should note that for systems with dispersion forces,
the logarithmic divergence of w may not hold, and may
change to either a finite threshold (so called “incomplete”
premelting) or a power-law divergence.2 However, the ob-
served premelting widths in Fig. 6 do not exceed a num-
ber of atomic diameters, short-range structural forces are
dominant over long-range dispersion forces.
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FIG. 5. (a) A comparison of the 2D O-O radial distribution
function (RDF) between the undercooled monolayer bulk wa-
ter (solid line) and premelted water (dashed line) at mono-
layer ice GBs, T = 390K. (b) Same comparison as in panel
(a), two dashed lines stand for RDF results from two replica
simulation systems out of eight at T = 400K. (c) Log-
log scale mean-squared displacement (MSD) results for both
undercooled monolayer bulk water and premelted water at
monolayer ice GBs, T =390K. (d) Same comparison as in
panel (c), T =400K.
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FIG. 6. Linear-log plot of the premelting width w versus
undercooling, Tm−T . The solid line is the result of weighted
least-squares fit to Eq. 1.
Hoyt and co-workers established a simulation-based
methodology to accurately extract g(w) from analyzing
GB width fluctuations.16 Their method had been applied
6to GBs in pure metals19 and binary alloys22 under various
conditions (temperatures, misorientations, and chemical
compositions). Due to the spatial oscillations of struc-
tural order and chemical compositional at two interfaces,
g(w) could display more complex dependencies on w than
suggested exponential decay form, i.e., attractive or in-
termediate potential with one or two local minima. Given
the fact that there exist a great variety of low dimensional
ice phases,25 we are optimistic that, the combination of
the MD simulation setup (as presented here) with the
analysis techniques described above can open numerous
possibilities for investigating premelting low dimensional
ices under various conditions, e.g., varying confinement
length scale. Consequently, more complex shape disjoin-
ing potential can be anticipated in ice GBs, as found in
metallic GBs.
Benet et al.40 recently extended the variational theory
for the sine-Gordon model by coupling capillary wave
theory, and identified an important roughening transi-
tion in the premelted ice surface from low T to high T .
Their theoretical formulation leads to three relationships
for the power-spectrum of interface fluctuations, in our
case the three relationships reduce to two, and they are
written as follows,
〈|hˆ2sp(qx)|〉 = 〈|hˆ2ps(qx)|〉 =
kBT
Ly
ω + g
′′
+ γ˜q2x
ωg′′ + (2g′′ γ˜ + ωγ˜)q2x + γ˜
2q4x
(2)
〈hˆsp(qx)hˆ∗ps(qx)〉 =
kBT
Ly
g
′′
ωg′′ + (2g′′ γ˜ + ωγ˜)q2x + γ˜
2q4x
(3)
where kB is Boltzmanns constant, qx = 2pin/Lx, and n
is a positive integer, hˆsp and hˆps are Fourier amplitudes
of solid-premelt and premelt-solid interface fluctuations
with wave vector qx, respectively. g
′′
is the second deriva-
tive of the disjoining potential g(w) with respect to the
premelting band width w, and γ˜ is macroscopic stiffness
of the 2D ice-water solid-liquid interfaces in the limit of
qx = 0. ω is a parameter that needs to be solved self-
consistently and closely relates to the structural type of
the whole interface/boundary. If ω 6= 0, the fluctuation
amplitude remain finite at long wavelength limit, and
the effective stiffness function Γαβ(qx) diverges as q
−2
x ,
the premelted GB is a smooth type boundary. Here the
effective stiffness function is defined as,
Γαβ(qx) =
kBT
Ly〈hˆαβ(qx)hˆ∗αβ(qx)〉q2x
. (4)
However, if ω = 0, the two interfaces bounding the pre-
melting band both behave as rough interfaces with the
same effective stiffness, Γsp(0) = Γps(0) = Γspps(0) = 2γ˜,
the whole premelted GB is rough type boundary.
To test the validity of the Eq. (2)-(3) in premelted
2D square ice GB system, and to examine the roughness
of both the GB and the two bounding solid-premelt in-
terfaces. The three time-averaged power spectra of the
capillary fluctuations are calculated with the knowledge
of the time evolution of the solid-premelt interfacial po-
sition functions, hsp(y) and hps(y). The results of ef-
fective stiffness functions obtained for the solid-premelt
interface fluctuation spectra, for four temperatures, are
plotted in Fig. 7. The up-pointing and down-pointing
triangle symbols in the plots stand for the Γsp(qx) and
Γps(qx), two solid-premelt interfaces share the nearly
identical shape in the fluctuation spectra. From 370K
to 400K, the overall stiffness of the two bounding in-
terface decreases as T increases. For each temperature
studied, over a range in q, 0.2 < q < 0.8, constant values
of Γsp or Γps are found, this finding suggests that: a)
fluctuation amplitudes within this q range are perfectly
scaled with q−2, and well agreed with the classical capil-
lary wave theory for a rough type interface; b) the impact
from the short-range structural force on this wave vector
range is negligible. We perform weighted least-squares
fits of Γsp,ps within this q range to estimate γ˜ with val-
ues of 132(4)×10−10mJ/m, 119(3) ×10−10mJ/m, 101(5)
×10−10mJ/m and 57(7) ×10−10mJ/m for 370K, 380K,
390K and 400K, respectively. The correlated fluctuation
stiffness Γspps is determined from the cross-correlation
function, Eq. (3). The magnitude of the Γspps depicts the
independence of the two bounding interfaces. As shown
in Fig. 7, Γspps(q) diverge at large q for all temperatures,
400K GB system shows a clear decrease in the correlation
in comparing with other three temperature systems.
In the limit of long wavelength, the fluctuation is af-
fected by the premelting band. We find both Γsp,ps and
Γspps asymptotically approaches to the finite value of
stiffness as q → 0. Using the γ˜(T ) extracted from above,
Γαβ(q) fit well with Eq. (2)-(3) and ω = 0, indicating a
rough type structure for the whole premelted GB. The fit-
tings yield g
′′
with estimated values of 15.2×1010mJ/m3,
10.1×1010mJ/m3, 4.5×1010mJ/m3 and 0.6×1010mJ/m3
for 370K, 380K, 390K and 400K, respectively. We can
then examine an important length scale — parallel cor-
relation length (ξ‖ =
√
γ˜
g′′
),41 which limits the roughness
of the two bounding solid-premelt interfaces due to dis-
joining pressure. The estimated values of ξ‖ are around
2.9A˚, 3.4A˚, 4.8A˚ and 9.9A˚ for 370K, 380K, 390K and
400K, respectively. These numbers are slightly smaller
than the width of the premelting band, reasonably agree
with the visual inspections from the simulation snapshots
in Fig.2-4. Our findings suggest that premelted symmet-
ric tilt GBs in 2D monolayer square ice are all rough from
the near melting point to 40K below the melting point,
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FIG. 7. Power spectra of equilibrium coupling fluctuations
for the premelting band at the symmetric tilt GB of con-
fined monolayer ice, misorientation angle θ = 30o. The plot
represents wave-vector dependent stiffness, Γ(q), in log scale
for 370K (a), 380K (b), 390K (c) and 400K (d), respec-
tively. Results for the two solid-premelt interfacial stiffness
labeled with Γsp(q) and Γps(q) are shown with up-pointing
and down-pointing triangles, respectively. Red circles indicate
the results for the coupled fluctuations of the two bounding
solid-premelt interfaces, Γspps(q). The lines are the results of
weighted least-squares fits to the equation set in Eq. (2)-(3).
in contrast to the premelting of the 3D ice surfaces in
which roughening temperature is just below the melting
point of bulk ice. The distinction between current pre-
melting system and the bulk ice system could arise from
different impact due to dimensionality on inhibiting the
long-wavelength parallel fluctuations.
In conclusion, using MD simulation, we predict the ex-
istence of a premelting transition at the symmetric tilt
GB (misorientation angle θ = 30o) in monolayer ices
confined in 2D hydrophobic nano-channel (channel width
6.5A˚, under a van der Waals pressure of 0.5GPa), using
SPC/E model of water. The melting point (402.5K) of
monolayer ice is approached from below, the interfacial
region of the crystalline monolayer ice melts to form a
premelting band of liquid water separating the two crys-
tal grains. Although solid-vapor premelting in ices and
GB premelting in metals and binary alloys are well es-
tablished in the literature, premelting of a 2D confined
ice GB has not, to our knowledge, been previously re-
ported. Over the temperature range from 360K to 400K,
the width of the premelting band is shown to depend
logarithmically on the undercooling, as predicted by the-
oretical considerations in which the disjoining potential
between the two solid-liquid (solid-premelt) interfaces is
repulsive. Through the calculation of power spectra of
equilibrium coupling fluctuations, we have proved the va-
lidity of a recently extended capillary wave theory for
premelting fluctuation and demonstrated both the pre-
melted GB and the two solid-premelt interfaces bound-
ing the premelting band has the rough type structure in
a broad range of undercooling temperature. Our find-
ings are inconsistent with the fact that premelted bulk
ice surface cannot be as easily roughened.40 It is believed
that system dimensionality can have a significant effect
on roughening behaviors of premelted ice surfaces or in-
terfaces. Note that, to confirm the full validity of the ex-
istence and the type of the premelting transition, compar-
ative studies employing more realistic water models29,30
are warranted. It is highly probable that the GB premelt-
ing exists over a wide range of 2D or semi-2D confined ice
phases and figures prominently in the grain coalescence,
sintering, coarsening, transport behavior and many other
important properties (like dielectric property31) of the
confined ice crystallites.
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